• An ultra performance liquid chromatography-tandem mass spectrometry was developed for determining Semicarbazide, with short time, high sensitivity and accurate characterization.
H I G H L I G H T S
• An ultra performance liquid chromatography-tandem mass spectrometry was developed for determining Semicarbazide, with short time, high sensitivity and accurate characterization.
• The temporal and spatial distribution of Semicarbazide in seawater was measured and the highly polluted areas identified and traced.
• The distribution of Semicarbazide in sediment and shellfish was also analyzed.
• An early warning value 0.05 μg/L in seawater was deduced.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Semicarbazide (SEM) is frequently used as photochromic dye during preparation of thermal recording paper and as an intermediate in the synthesis of drugs such as adrenobazone and prednisone (Hron and Jursic, 2014; Subashchandrabose et al., 2015) . SEM is also a byproduct of the thermal decomposition of azodicarbonamide, which is used as food additive. Flour containing azodicarbonamide can release SEM when baked in a dry oven, and the concentration at the surface of the resulting products can be up to 0.2 mg/kg (Mulder et al., 2007; Xie et al., 2013) . SEM in foods may originate from packaging materials derived from industrial processes associated with azodicarbonamide treatment (Casella and Contursi, 2015) . Importantly, SEM is a marker residue of Nitrofurazone (NFZ), which is used to prevent and treat gastrointestinal infections caused by Escherichia coli and Salmonella spp. (Jin et al., 2013; Zhang et al., 2016) , and banned as a veterinary antimicrobial drugs (Federal Register, 2002; European Communities, 1995; European Communities, 1993) . A minimum required performance level (MRPL) of 1.0 μg/kg for SEM has been adopted by the Food and Drug Administration and European Food Safety Authority (EFSA) in the United States and European Union, respectively (Food and Drug Administration, 2006; European Communities, 2003) . In terms of toxicology, SEM is weakly toxic and carcinogenic. As early as 2003, the EFSA confirmed carcinogenicity in mice, and asserted that SEM accumulation in food is harmful (EFSA, European Food Safety Authority, 2005a; EFSA, European Food Safety Authority, 2005b; Takahashi et al., 2014) . SEM produced through various means can accumulate in the ocean to form a novel marine pollutant, as shown in Fig. 1 . SEM has been detected at such low levels 0.5 μg/kg to 1.0 μg/kg in shellfish, shrimps and sea cucumber without using NFZ, carried out by our institute in Shandong Province each year, which presumably due to absorption of SEM in the marine environment. Therefore, SEM pollution in seafood-producing regions could pose a major hazard to human health.
The Bohai and Yellow Seas are the main shellfish-producing regions in China, which might be contaminated by SEM, in the end posing hazard to human health (Partelow et al., 2015; Fleming et al., 2006) . The Bohai and Yellow Seas cover an area of 4.57 × 10 5 km 2 and are north from Liaodong Bay, south to Qidong mouth of the north of Yangtze estuary. Liaoning, Hebei, Shandong, and Jiangsu Provinces and Tianjin City lie along the coast of these seas, and together represent the most important shellfish-producing regions in China (Jiang et al., 2016; Yuan et al., 2010) . Within the Bohai and Yellow Seas, Jincheng and Sishili Bays share a long history of mariculture, and are the earliest shallow mariculture areas in North China. The dominant practice in these areas is raft cultivation and the main shellfish species in Jincheng Bay are Argopectens irradians, Crassostrea gigas and Crassostrea rivularis. Also in Sishili Bay are Mytilus edulis, Chlamys farreri, Argopectens irradians, Crassostrea gigas and Ostrea plicatula. In recent years, environmental pollution has become a major concern, and numerous studies have focused on typical pollutants such as heavy metals, for instance, Fe, Mn, Zn, Cu, Pb, Ni, Cr, and Cd (Youssef, 2015) , and persistent organic pollutants (POPs) including PAHs, PCBs, DDTs, OCPs or OCP chemicals and so on (Eremina et al., 2016; Ilyina et al., 2008; Sun et al., 2014; Mumtaz et al., 2015) , but the study of SEM as an ocean pollutant has been neglected here worldwide. The function as the marine environment, especially as a pollutant sink, is important for socioeconomic development and human health (Moore, 2008; Keeling, 2007) . It is necessary to understand the temporal and spatial distributions of SEM and identify areas of high concentration for the purpose of ocean management. Investigation of SEM in the marine environment and the organisms there is thus important for healthy aquaculture and the protection of human health. The objectives of the present study were to (1) investigate the abundance of SEM in the marine environment; (2) analyze the temporal and spatial distribution of SEM in the Bohai and Yellow Seas; (3) evaluate sources of SEM based on correlations between environment variables and SEM concentration; (4) detect the presence of SEM in shellfish without using NFZ and its association with the environment; and (5) establish early warning values for SEM in seawater. To this end, an analytical method for determination of SEM in seawater, sediment and shellfish was developed based on UPLC-MS/MS, which became the master way of determining residues of veterinary drugs and pesticides in recent years (Valese et al., 2016; Shendy et al., 2016; Tkachenko et al., 2015; Guo et al., 2016) . In 2009 and 2010, 41 voyages were carried out that covered 1000 nautical miles, and 1025 monitoring data were collected. Multivariate analyses were conducted to assess SEM pollution levels. At present, SEM is not covered by regulations in China or internationally (Food and Drug Administration, 2006; European Communities, 2003; Gao et al., 2007; McCracken et al., 2013) . The source of SEM was investigated, and levels were high in estuaries, especially in the vicinity of sea cucumber area at some monitoring stations. Early warning values were deduced for SEM in seawater, which could be used to indicate the environmental quality of oceans. This study provides the first data on SEM pollution and its potential impact on marine organisms and environments.
Materials and methods
Materials and reagents
Semicarbazide hydrochloride (SEM·HCl) and internal standard (SEM·HCl-13 C-15 N 2 ) were purchased from Dr. Ehrenstorfer (Germany). Methanol, acetonitrile and ethyl acetate were all of LC grade and obtained from Merck (Germany). Formic acid and hydrochloric acid (HCl) were of guaranteed reagent grade. 2-Nitrobenzaldehyde was from Acros (USA). All other reagents were of analytical grade. Ultrapure water was obtained in a Milli-Q system from Millipore (USA). Hydrophilic lipophilic balanced (HLB) cartridges (3 mL, 60 mg) for solid phase extraction (SPE) were obtained from Waters (USA).
Preparation and pretreatment of samples
Seawater was sampled in 500 mL brown glass bottles using a homemade water collector. Prior to use, the bottles were washed and soaked in HCl (HCl/water = 1/3 v/v) overnight baked at 400°C for 4 h in a muffle furnace, and then cooled and washed with ethyl acetate. The pH of seawater samples was adjusted to 2 with HCl to inhibit microbial activity. Sediment samples were collected from 0.05 m 3 mining acquisition mud (Shuguang, China), and 100 g from the surface (maximum thickness 3 cm) was placed in pre-cleaned glass bottles and baked in the muffle furnace. Shellfish samples were collected by the shellfish collection ship (Tonghe, China). All samples were chilled in an insulated box containing bags of ice and transported back to the laboratory. Seawater samples were filtered immediately with glass-fiber filter (0.7 μm, 47 mm, GF/F, Millipore, USA), stored at 4°C, and extracted and analyzed within 3 days. Sediment samples could be directly placed at − 20°C, without drying and extracted and analyzed within 1 month. Edible part of shellfish were preserved at 4°C, and extracted and analyzed within 7 days. A 100(±1.0) mL aliquot of seawater was measured. Then 0.10 mL of SEM-13 C-15 N 2 (100 ng·mL −1 ) was added as internal standard and 0.15 mL of 2-Nitrobenzaldehyde (0.05 mol/L) was added as a derivatization reagent (Leitner et al., 2001) , along with 5 mL of 0.2 mol/L HCl to adjust the acidity. In this step, 2-Nitrobenzaldehyde was used to reduce the background noise and improve response value. Samples were swirled for 2 min, placed in a water bath at 37°C, and oscillated for 16 h. Sample were then placed at room temperature and 1.0 mol/L dipotassium hydrogen phosphate was added to adjust the pH to 7.0-7.5. The SPE process using HLB columns was then performed as follows:
(1) conditioned with 3 mL of methanol, 3 mL of water (both steps at 3 mL·min − 1 ); (2) loaded at 1.2 mL·min − 1 ; (3) rinsed with 3 mL of water and methanol respectively; (4) eluted with 5 mL of ethyl acetate; and (5) the eluate evaporated to nearly dry under a gentle stream of nitrogen at 40°C. Formic acid-acetonitrile-water (0.1/5/95, v/v/v) was added to a final volume of 1 mL and filtered using a 0.2 μm cellulose filter into an auto sampler vial. An aliquot (10 μL) was injected onto the LC column for analysis. A 2.0(±0.02) g of sediment or shellfish was weighed into a 50 mL polypropylene tube. SEM-13 C-15 N 2 , 2-Nitrobenzaldehyde and HCl were added as described above. All pretreatment procedures were the same as described for seawater samples, except that the SPE process was not performed and 10 mL of ethyl acetate was added twice for extraction, merged into a heart-shaped glass bottle, and evaporated to near dryness. It was noted that 3 mL of hexane can be added in the reconstituted solution to remove lipophilic impurity if necessary.
UPLC-MS/MS conditions
In the experiment, tuning solution (10.0 μg·mL ) during the automatic tuning process. The main ions produced in MS and MS/MS were identified in positive ionization modes. Precursors and diagnostic fragment ions for establishing multiple reaction mode (MRM) analysis were selected and all mass spectrometry parameters were optimized to increase sensitivity. Table 1 presented precursor and daughter ions derived from SEM and SEM-13 C-15 N 2 , together with optimal MS/MS parameters. All parameters were optimized for higher SEM sensitivity and better reproductivity. The UPLC-MS/MS system comprised an Acquity UPLC system connected online with a Quattro Premier tandem mass spectrometry (Waters, USA) equipped with an ACQUITY™ BEH C 18 reversed phase column (2.1 × 100 mm, 1.7 μm particle size) maintained at 40°C. The mobile phase was acetonitrile (A) and 0.1% formic acid in water (B). After sample injection (10 μL), a linear gradient was programmed for 3 min from 10:90 A-B to obtain 90:10 A-B composition, then the composition was held for 1 min. Finally, A was directly decreased to 10% and held for 1.5 min. The total analysis time was 5.5 min. The flow rate and temperature of the drying gas (N 2 ) were 750 L·h − 1 and 350°C, respectively. The collision gas (Ar) flow was 0.12 mL/min and capillary voltage was 2500 V. N 2 as internal standard was added in calibration solutions and samples, which was used to eliminate systematic errors caused by sampling volume or instability of the instrument, also compensate for the loss in the pretreatment process.
Matrix effect
Matrix effect is a special phenomenon associated with LC-MS/MS (Rossmann et al., 2015; Wang et al., 2016) . Components in the matrix extracted along with SEM may suppress or enhance ionization in the electrospray source if co-eluted with SEM from LC column. Matrix effect can impair accuracy or reproducibility, which was calculated by the ratio of the response of the analyte dissolved in blank samples versus mobile phase. If the ratio was b 85% or N115%, matrix effect could not been ignored, so standard diluted in blank matrix could be used to calculate the content of the analyte. If it was 85%-115%, the matrix effect could be absent, which was also the case for seawater, sediment and shellfish. Significantly, matrix effect was observed in shrimp and crab samples in other work of our team, so it could not be absent.
Stability
SEM should be kept away from light in brown bottles to prevent decomposition. The stability of SEM was evaluated by repeated injection of the test solution. Stock solutions were stable at −18°C for six months, but decomposed by almost 50% at room temperature within 1 month. However, samples were placed at room temperature before analysis. An SEM concentration between 0.50 ng·mL −1 and 50.0 ng·mL −1 was degraded by 50% when stored at room temperature for 14 days, and peaks were bifurcated. Standard solutions and samples were therefore determined as soon as possible, although SEM was stable in matrix at 0°C for 7 days. It was also found that rapid evaporation to dryness at 40°C lead to a lower response to SEM and SEM-13 C-15 N 2 , but evaporation to near dryness under a gentle stream of nitrogen during pretreatment improved the response. 
Limit of detection and quantification
The limit of detection (LOD) of SEM in seawater (minimum 3:1 signal:noise) was determined using blank samples spiked with 50 μL of10.0 ng·mL −1 of SEM, and the limit of quantification (LOQ), the lowest concentration that could be determined accurately, was also calculated (minimum 10:1signal:noise) using blank samples spiked with 100 μL of 10.0 ng·mL −1 of SEM. Both were quantified using extract dilution. The resulting calibration curves were suitable for quantification of SEM in the samples during intra-day and inter-day validation and stability tests, and were performed on the day of analysis. Based on the detection limit of the instrument, sample mass and diluted volume, LOD and LOQ in seawater were 0.0050 μg/L and 0.010 μg/L, respectively. LOD and LOQ were obtained for sediment and shellfish samples in the same way, and were 0.25 μg/kg and 0.50 μg/kg, respectively. LOD and LOQ values measured using the developed method there met the requirements for determination of SEM in environmental samples.
2.4.5. Accuracy, precision and recovery Confirmation of SEM in seawater, sediment and shellfish was performed using data from two ion transitions and LC retention time determinations. Specifically, the relative intensity of two major daughter ions was unique and did not appreciably change over the concentration range tested, and was used for confirmation of SEM in samples. A 20% variation in the relative intensity was considered acceptable for confirmation. Intra-day accuracy and precision (as reflected by the relative standard deviation) were assessed from six consecutive analyses of sample quality control (QC) at three different concentrations for all three sample types. Inter-day accuracy and precision were obtained from consecutive analyses of the same batch of QC samples on three separate occasions. Intra-day assay precision values for QC samples were between 4.59% and 7.65%, and inter-day values were between 4.08% and 8.97%. Recoveries were calculated by measured value divided by spiked value and in seawater were 83.9%-105% spiked at 0.010 μg/L, 0.050 μg/L and 0.10 μg/L; in sediment and shellfish, were 86.2%-106% and 85.6%-95.8% respectively spiked at 0.50 μg/kg, 2.50 μg/kg and 5.00 μg/kg.
Results and discussions
Monitoring sites
The location of Jincheng and Sishili Bays in Bohai and Yellow Seas was shown in Fig. 2 . Sampling stations in Jincheng Bay (three transects) and Sishili Bay (four transects) were radially distributed, as shown in Fig. 3 . Statistically significant data were obtained for SEM temporal and spatial distributions. During the 41 voyages, the overall highest SEM concentration was measured in Oct. 2010 in Jincheng Bay, followed by Aug. and May 2010. In general, SEM levels along the south coast of the Bohai and west coast of Yellow Sea decreased along the estuary from the near-shore area to the open sea (except for data collected in Aug. 2009 and 2010 in Sishili Bay). The results were in accordance with other organic pollutants from similar sources and environmental behaviors in marine environment reported previously (Zheng et al., 2016; Hong et al., 2014) . This implied that the SEM concentrations were impacted not only by the distance away from the source but also by the degree of water exchange. The results suggested that SEM might be derived mainly from land-based sources, such as wastewater from agriculture and industry close to Bohai. In the open ocean, more forceful water exchange likely resulted in excessive dilution of SEM. Wastewater therefore appeared to be discharged directly into the ocean without any treatment in this region. Furthermore, in China, including the Bohai and Yellow Seas, most aquaculture farms are hydrologically connected to the external aquatic environment. Thus, SEM residues in wastewater from these aquaculture farms was discharged into external water bodies, where it posed a potential risk to marine ecology on aquatic food products such as shellfish (Zou et al., 2011) .
Similarly to Jincheng Bay, SEM was also detected in seawater at all sites in Sishili Bay, and levels were much higher in Sishili Bay, were shown in Fig. 5 . In Aug. 2009 and 2010, rainwater erosion may play a critical role, because SEM levels were highest in the open ocean, intermediate in the near-shore area, and lowest in estuarine sites. This trend indicated potentially different sources of SEM contamination, and suggested that hydrogeological circulation in the southern part of the Yellow Sea differed markedly to that in Jincheng Bay. In general, SEM levels in transects S1 to S3, Y1 to S6, Y4 to Y9, and Y5 to Y8 changed constantly, similarly to transects J1 to J5, J6 to J10, and J11 to J15 in Jincheng Bay. The highest SEM concentrations were measured near aquaculture farms on Yangma Island or at sites in the open ocean. Yangma Island was a major sea cucumber aquaculture area, and SEM levels at S3 and Y1 to Y4 were comparable, suggesting contamination at these may have originated from the same source, but may also reflect similar environmental conditions. For example, in Yangma Island farms, excess NFZ may be used, in which case discharge of untreated wastewater would result in a higher SEM concentration than at other sites. Indeed, the distribution of pollutants can be affected strongly by environmental variables (Lee et al., 2015; Oliveira et al., 2006) , such as water quality parameters including chemical oxygen demand and ammonium nitrogen, as well as metal concentration, and climate and geographical position. Further studies are clearly needed.
In summary, a clear trend was not observed in 2009 in either Jincheng or Sishili Bay; however, a definite trend was apparent in 2010 that was consistent with the results of supervision and inspection of aquatic products carried out in Shandong Province each year by the Shandong Marine Resource and Environment Research Institute. The total detection rates of aquatic products sampled in this area, including sea cucumber, shrimp, and shellfish, were relatively low and sporadic in distribution. However, in 2010, rates were much higher, and distinct regional differences were apparent, which may reflect rapid development and expansion of aquaculture in this region. Although the concentration of SEM was not excessively high, it may still be toxic to organisms in view of the large-scale and long-term use of NFZ. SEM was ranged from 0.011 μg/L to 0.093 μg/L, with high frequency. These results suggested that NFZ may be present in large quantities in aquatic products, and degradation of SEM in the marine environment may be slow. Low concentrations of SEM may persist in marine environments and pose a threat to aquatic organisms such as shellfish.
Temporal and spatial distribution of SEM
Temporal distribution of SEM in Jincheng Bay and Sishili Bay.
The distribution of SEM in seawater followed a defined temporal pattern. In Jincheng Bay, the average monthly concentration across the 15 stations ranged from 0.015 to 0.058 μg/L, shown in Fig. 6 . In 2009 and 2010, the higher average monthly concentration was in October, November, and December, with the absolute highest in November 2010 and the lowest in Aug. 2009. This was possibly due to less pollution from land-based sources on the shore and/or the heaviest rainfall in the month of Aug., which increases seawater exchange. Indeed, temporal variations between SEM concentration and sampling month were predominately affected by the dilution effect in Aug. By contrast, in Nov., a lower exchange rate in seawater led to less dilution of SEM, which remained at high concentration as a consequence. In brief, SEM was washed from the shore into the sea, and this combined with dilution by rain were the biggest contributors to the overall process. If the former dominated, the concentration of SEM was higher, and vice versa. However, other conditions could lead to the same results, and further study is needed. Interestingly, the average monthly concentration of SEM in 2010 was higher than the corresponding month in 2009. It was concluded that continual SEM washing and accumulation from the shore increased the SEM concentration, which is unsurprising. It is well documented that despite the banning of NFZ, sporadic release of this drug or its metabolite SEM still occurs in coastal environments.
In Sishili Bay, the average monthly concentration of SEM across the 15 sampling stations ranged from 0.014 to 0.042 μg/L. Seasonal variation in the SEM concentration was evident, with peak values occurring in Mar. and Aug. The lowest value (0.014 μg/L) occurred in Mar. 2009, and the highest (0.042 μg/L) in Aug. 2010. These results were different from those for Jincheng Bay. During the rainy month of Aug., SEM from land-based sources was washed down into the sea, whereas Mar. was drier and much less SEM reached the ocean. Throughout the process, rainwater erosion of land-based sources played a crucial role. Additionally, in Aug. and Sept., when aquatic recreational activities were more frequent, wastewater discharge could have served as a major source of SEM. However, in offshore areas, other factors such as source discharge loads, degradability, and water exchange rate could also play important roles in addition to the dilution effect. Further research is required to confirm the exact sources. Furthermore, atmospheric transport/deposition, industrial and municipal effluents, domestic sewage and urban runoff could be sources of SEM in freshwater aquatic or marine environments (Zhao et al., 2014; Shen et al., 2014) .
Spatial distribution of SEM in Jincheng Bay and Sishili Bay.
The distribution of SEM in seawater followed a defined spatial pattern. In Jincheng Bay, SEM was detected at all 15 monitoring stations, shown in Fig. 7 . In 2009, the average concentrations at J1 to J15 was 0.020-0.051 μg/L; in 2010, it was 0.035-0.073 μg/L. The maximum SEM concentration (0.093 μg/L) occurred at station J6 station in Apr. 2010, close to a breeding field for sea cucumber and other aquatic products. High levels of SEM were detected in the aquaculture zone surrounding J6, suggesting aquaculture, especially farming of sea cucumber, was the main source of SEM in surface water in this area. This could be due to the large-scale development of fisheries in this area. Apr. was the peak season for aquaculture production, and veterinary drugs such as NFZ were used to protect aquatic products against diseases. SEM from inland discharge sites, together with increased rainwater, could accelerate transportation of the pollutant. NFZ or its metabolite SEM appeared to be washed suddenly into the sea close to J6, indicating a possible major pollution discharge site in the vicinity. SEM could also be the result of illegal use of NFZ, and SEM levels at adjacent stations were not significantly different, possibly due to well-separated breeding fields nearby. J4 also recorded slightly higher levels of SEM compared with adjacent areas, and the major source at this site was probably effluent discharge from several polluted tributaries and streams following runoff from agricultural activities and subsequent discharge into the sea.
SEM was also detected at all 15 stations radially distributed in Sishili Bay, shown in Fig. 8 ; however, levels were lower than those measured in Jincheng Bay. In 2009, the average concentrations at S1 to S6 and Y1 to Y9 was 0.013-0.023 μg/L; in 2010, it was 0.027-0.041 μg/L. The highest concentration (0.082 μg/L) was measured at station Y1 in Aug. 2010, which was also located close to an area used for bottom-seeding for sea cucumber, and close to an aquaculture field off shore. It should be remembered that NFZ and SEM can both lead to a rise in SEM. Across these 15 stations, the highest average annual concentration occurred in the vicinity of Kongtong Island, which was among the densest areas for breeding and cultivation of aquatic products in Shandong Province, especially sea cucumber. This result suggested that management efforts should be focused on conservation practices, improving aquiculture and rational administration of drugs in fisheries. It should be noted that literature on routine SEM monitoring or distribution regulations in the ocean have not been reported worldwide. SEM pollution may be influenced by variations in environmental conditions or human activities such as wastewater discharge, dredging, or reclamation, and variability across different sampling locations was to be expected. 
Distribution characteristics of SEM in sediment
Interestingly, No SEM was detected in the 320 sediment sampled from Jincheng and Sishili Bays. It was noted early on that there was no need to sample sediment from each station during all the 41 voyages, but we ensured that samples were collected from the main riverine, estuarine and intertidal zone. In our previous research, SEM was detected in sediment and seawater adjacent to the Chaohe River estuary, at concentrations of 0.26-18.9 μg/kg and 0.18-70.6 μg/L, respectively, which was high enough to pose a serious pollution risk (Xu et al., 2010) . We have listed four reasons that could explain the variability in the results from different areas.
Firstly, the concentration of SEM in Jincheng and Sishili Bays was far below that in the adjacent coastal waters of the Chaohe River estuary, which reached a maximum of 70.6 μg/L, 759-fold higher than peak levels in Jincheng and Sishili Bays (0.093 μg/L, the present study). Secondly, the sediment-water distribution capacity could be the reason, since the adsorption capacity was impacted by several factors, such as molecular structure and hydrophilicity. SEM has a low molecular weight of 75.07, and consequently a relatively high solubility in water, which impeded transportation into sediments. Due to the high hydrophilicity of SEM, the desorption capacity in sediment far outweighed the adsorption capacity, which prevented the binding of SEM to particles before subsiding into sediments through sedimentation (Moreno-González et al., 2015; Masiá et al., 2013) . Thirdly, to better understand the partitioning behavior of SEM between sediments and the wider aqueous environment, the concentration of organic carbon in sediments (f OC ) sampled from Jincheng Bay was determined using GB 17378.5-2007 of China. The results showed that the amount of organic matter was minimal (f OC = 0.002029), which could contribute to the low SEM concentration in the sediments (Cao et al., 2015) . Fourthly, SEM may have adhered to the surface of suspended particles and eventually sedimented at the bottom of the water body. Because of the movement and deposition of high volumes of suspended sediment in seawater, surface sediments were the most recent to have settled. A short time for adsorption onto sediments would explain why no SEM was detected. In summary, interactions between adsorption and desorption of SEM in sediments, as well as other causes, could explain the low levels of SEM in Jincheng and Sishili Bays, compared with the adjacent Chaohe River estuary. Additional factors could also play a role, such as rainfall and sampling method.
Distribution of SEM in shellfish
Variation in the growth and cultivation of shellfish, and in sampling conditions and other factors ensured it was not possible to sample shellfish at every site. Even so, the major shellfish species (90 in total) present in the study area were sampled and used to represent all shellfish. The concentration of SEM in shellfish in Jincheng and Sishili Bays was determined in Table 2 . SEM was detected in most shellfish samples, and levels were generally higher than those measured in seawater, suggesting that shellfish can accumulate SEM from their surrounding environment. Unsurprisingly, some values were below the LOQ (0.50 μg/kg) or close to the LOD (0.25 μg/kg) outlined in Announcement 783-1-2006 of the Ministry of Agriculture of China (Determination of nitrofuran metabolic residues in aquatic products by LC-MS/MS methods), consistent with accurate qualitative data but uncertain quantitation.
We also analyzed both large and small specimens of Mytilus edulis and Argopectens irradias sampled from the same stations during the same voyages. Results showed that SEM concentrations were lower in smaller organisms of both species, possibly due to a lower accumulation capacity in smaller animals. SEM concentrations increased gradually with increasing animal size. SEM concentrations in shellfish increased with increasing seawater values, but the correlation was not directly proportional. This could be due to inhibition of accumulation in shellfish at higher seawater SEM concentrations. However, as SEM was further increased, physicochemical effects became stronger than the inhibition, and the SEM concentration in shellfish continued to rise with increasing seawater SEM. It was also noted that all measured SEM values were lower than that stated in the supervision and inspection of aquatic products (1.0 μg/kg) carried out in Shandong Province each year.
In the study, the bioconcentration factor (BCF) across all samples ranged from 5.0 to 10.7. In 2001, the United Nations Environment Programme (UNEP) ruled that for persistent organic pollutants (POPs), BCF should be measured only under laboratory conditions. Pollutants are believed to bioaccumulate when BCF is higher than 5000, and a BCF of 2000-5000 indicates potential biological enrichment (UNEP, United Nations Environment Programme, 2001) . The values obtained in our survey were much lower, and the bioaccumulation capability was therefore extremely weak. However, SEM can also be absorbed into the human body through the food chain and pose a threat to human health even when present at low levels in the surrounding environment. In food chains, the amplification level can be expressed by the biological amplification factor (BAF),which is indicative of the trophic level. A BAF N 1 indicates a potential biological amplification effect in the food chain, and a score lower than 1 indicates a dilution effect. Furthermore, aquatic products in lower-trophic-level organisms such as Laminaria japonica and Undaria pinnatifida, and higher-trophic-level organisms such as fish and shrimp, should be collected and analyzed when studying biological amplification of SEM. Due to limitations in sampling conditions, this was not performed in the current work and remains to be studied in the future.
Early warning values for SEM in seawater
4.1. Establishment of the biological accumulation factor BCF was calculated as the ratio of the average analyte level in a selected tissue of an organism, expressed as mg/kg wet weight (C shellfish ), to the analyte concentration in water, expressed as mg/L (C seawater ) (Petoumenou et al., 2015; Gissi et al., 2015) . The accumulation ability can be influenced by various biological and ecological factors, including geographic area, age, size, sex, tissue type, diet and temporal distribution (Bragigand et al., 2006; Dirtu et al., 2016) . The Environmental Protection Agency of United State (USEPA) ruled that BCF should be determined in a mobile environment, and 28 days were needed to obtain reliable result. BCF can be derived from the lipid concentration in an organism when measured at the same time. BCF can therefore be normalized as a percentage to facilitate comparison of the degree of biological enrichment for specific pollutants (USEPA, United States Environmental Protection Agency, 1976). Crassostrea gigas, a typical shellfish with a relatively long growth period in Sishili Bay, met the above criteria and displayed the highest BCF value. Seawater was sampled for determination of BCF at the same site and time. Due to the continuous discharge of SEM into the environment, bioaccumulation of SEM in shellfish was assumed to be in dynamic balance. The average SEM concentration in Crassostrea gigas and seawater was 0.00060 mg/kg and 0.000056 mg/L, respectively. BCF was calculated using Eqs.
(1)-(4) as follows: KDOC: partition coefficient of organic carbon in water to concentration of freely dissolved, L/kg; BCF l : biological accumulation factor in baseline, L/kg; f1: lipid fraction in Crassostrea gigas, 0.02; BCFTL, n: biological accumulation factor in baseline at a trophic level n (n = 2), L/kg.
Note: certain values such as ffd, KPOCand KDOC were unavailable in present regulations, so data in the spot investigation were used for deducing. 
The derivation of the early warning value for SEM in seawater
Despite being a useful marker residue for NFZ, SEM in aquatic products is not regulated in China or elsewhere. In the interests of the healthy cultivation of shellfish, and to ensure safe consumption by people, an early warning value of SEM in seawater in the Bohai and Yellow Seas was determined. Based on the correlation of SEM concentration in shellfish and BCF, we calculated an early warning value in seawater using Eq. (5) 
Conclusions
This study is the first to monitor the temporal and spatial distribution of the potential pollutant SEM in Jincheng and Sishili Bays in the Bohai and Yellow Seas, and it serves as the first such study worldwide. A total of 1025 monitoring data has shown that concentration ranged from 0.011 μg/L to 0.093 μg/L in seawater and 0 to 0.75 μg/kg in shellfish respectively, and no SEM was detected in sediment. Possible sources of SEM in seawater, sediment, and aquatic organisms were investigated using UPLC-MS/MS, and early warning values were deduced for SEM in seawater, 0.05 μg/L, based on spot investigations, BCF values and our previous studies. The results showed that most were lower than the values except some individuals. These results provide evidence for setting national base-line values for SEM in seawater and sediment, provide scientific evidence for assessing the impacts of SEM on marine ecology and human health, and offer guidance for policies and precautionary measures for China and elsewhere.
